Most existing multi-compartment, mammalian neuron models are built from rodent data. However, 16 our increasing knowledge of differences between human and rodent neurons suggests that, to 17 understand the cellular basis of human brain function, we should build models from human data. 18 Here, we present the first full spiking, multi-compartment model of a human layer 5 cortical 19 pyramidal neuron. Model development balanced prioritizing current clamp data from the neuron 20 providing the model's morphology, while also ensuring the model's generalizability via preservation 21 of spiking properties observed in a secondary population of neurons, by "cycling" between these 22 data sets. The model was successfully validated against electrophysiological data not used in 23 model development, including experimentally observed subthreshold resonance characteristics. 24 Our model highlights kinetic differences in the h-current across species, with the unique 25 relationship between the model and experimental data allowing for a detailed investigation of the 26 relationship between the h-current and subthreshold resonance. 27 28 30 (Womelsdorf et al., 2014) within the six-layered neocortex stems from invasive and in vitro studies 31 in rodents and non-human primates. Whether or not such principles can be extended to human 32 neocortex remains speculative at best. Despite the significant transcriptomic convergence of 33 human and mouse neurons (Hodge et al., 2019), significant differences between human and rodent 34 cell-type properties exist. In vitro studies have identified differences between mouse and human 35 neurons in morphology (Mohan et al., 2015), dendritic integration (Beaulieu-Laroche et al., 2018; 36 Eyal et al., 2016), synaptic properties (Verhoog et al., 2013), and collective dynamics (McGinn and 37 Valiante, 2014; Molnár et al., 2008; Florez et al., 2013). However, less explored are the active 38 1 of 36 Manuscript submitted to eLife membrane properties of human cortical neurons, which together with their passive and synaptic 39 properties underlie oscillations which are of likely physiological relevance (Akam and Kullmann, 40 2014; Womelsdorf et al., 2014; Fries, 2005; Anastassiou et al., 2011; Hanslmayr et al., 2019; Vaz 41 et al., 2019). 42 Recently it has been shown that increased expression of hyperpolarization activated cation chan-43 nels (h-channels) contribute to the observed subthreshold resonance in supragranular layer human 44 pyramidal cells not seen in their rodent counterparts (Kalmbach et al., 2018). Such differential 45 expression of h-channels also appears to be present between superficial and deep layer neurons 46 of human cortex, with layer 5 (L5) pyramidal cells demonstrating a larger sag voltage mediated 47 65 et al., 2013; Beaulieu-Laroche et al., 2018) leads to two important questions for computational 66
Introduction
Currently, much of what is understood about specific cell-types and their role in "computation" by the current through these channels (dubbed the "h-current") when compared to those in layer 48 2/3 (L2/3) (Chameh et al., 2019) . However, despite the presence of large sag currents in human 49 L5 pyramidal cells, they do not display subthreshold resonance (Chameh et al., 2019) 53 To explore this seeming inconsistency, a combination of computational and experimental 54 techniques are employed to create a novel human neuron model with a particular focus on the 55 h-current. The development of computational models of human neurons with high levels of 56 biophysical detail are more challenging than their rodent counterparts due to limited access to 57 tissue for experimental recordings. This challenge is exacerbated by the fact that to model how 58 a specific channel contributes to cellular dynamics, it is typically necessary to obtain a complete 59 data set (including whole-cell recordings in current and voltage clamp modes, pharmacological 60 manipulations, and 3D morphology) all in the same neuron. The increased access to rodent tissue 61 makes accounting for these concerns more feasible in the rodent setting, and explains why a 62 majority of the existing biophysically detailed neuron models are constrained by rodent data (Dong, carinic potassium channel (abbreviated Im). Note that the abbreviations used here are motivated 139 by the labeling used in the NEURON code for consistency. This provided the initial basis for our 140 model construction, with further details included in the Materials and Methods. 141 The "cycling" technique schematized in Figure 2 built upon this basis. In the first step, an 142 optimization algorithm was run to best "fit" the model's output with blocked sodium channels 143 to experimental data from current clamp recordings in the presence of TTX (see Figure 1 ). This 144 determined a majority of the conductances used in the model, as well as the passive properties 145 and the kinetics of the h-current. As the h-current is the primarily active inward current at hyperpo- 146 larized voltages (Toledo -Rodriguez et al., 2004; Hay et al., 2011) , we focused on it by emphasizing 147 hyperpolarizing current clamp traces in our fitting and by optimizing both the conductance and 148 kinetics of this channel type. 149 In the second step, after a best fit was achieved, we hand tuned the conductances involved in 150 action potential firing (sodium conductances and the K_Pst and SKv3_1 potassium conductances, 151 which were not altered in the preceding step), along with minor alterations to the dynamics of these (Chameh et al., 2019) ). We aimed to obtain these firing characteristics with 156 minimal potassium conductances, in order to minimize the error seen in Figure 3E : an extensive 157 exploration of the parameter space revealed that a "best fit" of this trace would enforce values of 158 the potassium conductances that would not permit action potential firing, motivating the hand 159 tuning of these values in search of a set of sodium and potassium conductance values that would 160 permit spiking while also minimizing this error. As the properties of these potassium channels 161 Figure 2 . Diagram of the model development strategy. Hyperpolarizing current clamp data taken from the primary human L5 pyramidal cell was the primary constraint in determining model parameters. To ensure that the model exhibited repetitive and post-inhibitory rebound firing dynamics characteristic of human L5 pyramidal cells, data from secondary neurons, as well as best fit data from depolarizing current clamp experiments in the primary cell were used, and a "cycling" technique was developed in which conductances primarily active during spiking dynamics were fit separately by hand. The adjustments to the potassium conductances affect the current clamp fits, so these were re-run with the new values, hence the "cycle". affected the current clamp fits, it was then necessary to run the optimization algorithm of the first 162 step again with these new values, hence the "cycling". This cycling pattern continued until no further 163 improvement in the model, as determined via the quantitative error score from the optimization 164 process as well as the more qualitative matching of spiking properties, could be obtained (see the 165 Materials and Methods for further details). 166 The output of our final model in response to the various current clamp protocols with blocked 167 sodium channels, compared to what was observed experimentally in the primary neuron, is shown 168 in Figure 3A -E. The repetitive spiking behavior of the model in response to various driving currents is 169 shown in Figure 4A -C, and the capacity for PIR spiking is shown in Figure 4D ; both of these protocols 170 5 of 36 are performed with active sodium channels. The repetitive firing frequency or latency to the first 171 PIR spike (depending upon whether the protocol is a depolarizing or hyperpolarizing current clamp, 172 respectively), is given in Table 1 . Critically, the model closely matches all of the hyperpolarizing 173 current clamp data, indicating that the dynamics of the h-current within this voltage range were 174 accurately encapsulated by our model. While the error in the depolarizing current clamp recording 175 ( Figure 3E ) is more noticeable, this was minimized via the process described above, and was the 176 best case while also ensuring reasonable repetitive spiking and PIR spiking behaviors (Figure 4 and 177 Table 1 ).
178 Figure 3 . Model well fits data from hyperpolarizing current steps, in which the h-current is the primary active channel, while minimizing the error seen in a depolarizing current step. (A-D) Fits of current clamp data with -400 pA (A), -350 pA (B), -300 pA (C) and -50 pA (D) current steps with TTX. (E) Fit of current clamp data with a depolarizing current step of 100 pA with TTX. All four hyperpolarized current steps are fit with great accuracy, with a focus on the initial "sag" and post-inhibitory "rebound" that are driven by the activity of the h-current. While the charging and discharging portion of the depolarizing current trace is well fit, the amplitude of the response is less accurate; however, this error was deemed reasonable given the emphasis in model development on capturing h-current dynamics, including PIR spiking, as discussed in detail in the text.
Indeed, the repetitive spiking frequencies and latencies to the first PIR spike highlighted in Our assertion that this model is appropriate for use in settings beyond those directly constraining comparison to the experimentally observed output from primary cell, that were not directly "fit" in 201 model generation. We again focus on hyperpolarizing current steps given the focus on the h-current, 202 which is activated at hyperpolarized voltages, in this endeavor. The strong correspondence between 203 the model and the experimental data illustrates that the modeling process described here does 204 indeed capture the general behavior of the primary cell in response to hyperpolarizing current steps 205 of varying amplitudes. Perhaps most importantly, in all four cases the features of the trace most 206 prominently influenced by the h-current, the initial "sag" following the onset of the hyperpolarizing 207 current step and the "rebound" following its release, remain reasonably approximated by the model. 208 This result is a straightforward way of assessing our model's validity via its ability to well match 209 additional current clamp traces from the primary cell. Furthermore, considering the h-current's 210 dominance over the neuron's dynamics at these hyperpolarized voltages, this result also provides 211 early support for our assertion that our model captures the dynamics of the h-current. We more 212 directly validate this assertion via the kinetics of the h-current and one important functional 213 implication of these kinetics, subthreshold resonance, in the following section. (2011). Given space-clamp issues associated with voltage clamp recordings, along with the fact 228 that these recordings are somatic and h-channels are distributed throughout the dendrites both 229 biologically and in our model, we would not expect our model to perfectly match this experimental 230 data. However, it is apparent that our human h-current model is a better approximation of the 231 experimental data, in particular that associated with the primary neuron, than the rodent h-current 232 model. This is especially apparent for the voltage dependence of the time constant. We emphasize 233 that the experimental voltage clamp data is only used for model validation, not for model creation, 234 in order to maintain a self-consistent modeling strategy (a choice that is elaborated on in the 235 Materials and Methods). 236 We note that, based upon the current clamp data for which the human h-current model 237 parameters were derived, it would be expected that the best fit to the experimentally observed 238 kinetics obtained from the voltage clamp data would be in a voltage range of -90 to -60 mV (which 239 notably includes the cell's resting membrane potential), as this is the range at which a majority of 240 the constraining current clamp data lies: because the current clamp data never achieves extreme 241 hyperpolarized values (i.e. well past -100 mV), there is minimal constraint on the model at these 242 voltages. This serves to explain why the values of the human h-current approach zero much 243 quicker for voltages in this hyperpolarized regime than indicated by the voltage clamp derived 244 data (and, given the continuity of the modeled function, why this influence expands into the 245 more hyperpolarized values of even our "best constrained" voltage range). An approximate range 246 of voltages for which the human h-current model is best constrained, and thus most reasonably 247 expected to be validated by this secondary experimental data, is highlighted in Figure 6 and "zoomed 248 in" on in the second and fourth rows. (2006). We note that these differences are also apparent in the experimental data alone, but we 253 focus on the differences in the models given the aims of this study. Figure 7A (in comparison to experimental results shown in Figure 7B ). We note that we 288 will compare these results to those from rodent-derived models in the following section. 
328
Given the impetus of this modeling endeavor, we compare the capacity for each of these three 329 models to exhibit subthreshold resonance. In applying an identical ZAP protocol as above for our 330 L5 Human model (see Figure 7 ), we find that both of these other models, unlike our L5 Human 331 model, exhibit subthreshold resonance at approximately 4.6 Hz as shown in Figure 9 . 332 A quantification of these model comparisons is given in Table 2 . Alongside results for the 333 baseline models (illustrated in Figure 9 ), we also include results for the L5 Human and Hay models 334 with all channels besides the h-channel blocked in order to facilitate a more direct comparison with 335 the Kalmbach model (which has no other active ion channels). This alteration results in a minor 336 change in the resting membrane potential (RMP) of the neuron, as would be expected, but no major 337 change in its resonance frequency. 338 The finding that the Hay model exhibits subthreshold resonance is as expected considering 339 that subthreshold resonance has been previously observed in rodent L5 cortical pyramidal cells and the corresponding peak begin shifting rightwards, with an obvious peak appearing in panels C 356 and D. This resonance is also clearly shown in the corresponding voltage traces. 357 By comparing the different resting voltages in the protocols presented in Figure 10 (and summa-358 rized in Table 3) For comparison purposes, we also perform analogous in silico experiments on the Hay and 371 Kalmbach models, with the results summarized in Table 3 . In each of these hyperpolarized settings expected considering such changes do not affect the kinetics of the h-current in these models as 374 significantly as in the L5 Human model. 375 We emphasize that there are multiple factors at play in determining whether a neuron exhibits that this activity is not playing a major role in dictating this neuron's lack of subthreshold resonance. 391 In our endeavor to support the hypothesis that a relationship exists between the kinetics of the for potentially broader conclusions to be drawn regarding human and rodent differences. 402 Before beginning this investigation, it is important to note that such a switch between human 403 and rodent h-current models would affect other aspects of the cellular model (including, for 404 example, the resting membrane potential, as well as the potential activity of other ion channels) 405 that might affect its behavior. Moreover, the differing morphology and passive properties that 406 make up the "backbones" of these models also differ significantly, and these properties also play a 407 role in dictating a neuron's frequency preference (Hutcheon and Yarom, 2000; Rotstein and Nadim, 408 2014). It is for these reasons that we emphasize that, in performing such a "switch", we create 409 new "hybrid" models that must be approached cautiously. However, a very specific focus on the 410 subthreshold dynamics of these "hybrids" makes their use as presented here reasonable. There 411 are two primary rationales for this assertion: first, a focus on subthreshold dynamics significantly 412 minimizes the role that other ionic currents (whose features vary between "model backbones") will 413 play in the dynamics; and second, by only switching the h-current models (i.e. the kinetics of the 414 h-current), and not the distribution nor conductance of the h-channel, the focus can be mainly on 415 how the different kinetics might play a role (i.e., differences shown in Figure 8 ). 416 The results obtained are summarized in consisting of a mix of HCN1 and HCN2 subunits display slower kinetics than those seen in HCN1 610 homomeric h-channels (Chen et al., 2001) . Taken together, these results provide biophysical support 611 for the hypothesis that the differences in the kinetics of the h-current revealed in this work may be 612 driven by different HCN subunit expression between rodent and human L5 pyramidal neurons. 613 Indeed, in general resonance is a relatively uncommonly observed phenomenon in human 614 neurons (Kalmbach et al., 2018; Chameh et al., 2019) , which may be due to the greater expression 615 of HCN2 channels in human neurons generally (Kalmbach et al., 2018) . A detailed comparison 616 between subunit expression in rodents and humans remains wanting given the clear predictions anterior temporal lobectomy for medically-intractable epilepsy (Mansouri et al., 2012) . Tissue 647 obtained from surgery was distal to the epileptogenic zone tissue and was thus considered largely 648 unaffected by the neuropathology. We note that this is the same area from which recent data 649 characterizing human L3 cortex was obtained (Kalmbach et al., 2018) . 650 Immediately following surgical resection, the cortical block was placed in an ice-cold (approxi- bubbled with carbogen gas (95% O2-5% CO2) and had an osmolarity of 295-305 mOsm. Following 664 this incubation, the slices were kept in standard aCSF at 22-23°C for at least 1 h, until they were 665 individually transferred to a submerged recording chamber. 666 For the subset of experiments designed to assess frequency dependent gain, slices were 667 prepared using the NMDG protective recovery method (Ting et al., 2014) which only adds to the issue of experimental variability in recording between similarly classified cells. 684 This, along with the issues presented by "cell-to-cell variability" discussed previously (Golowasch   685   et al., 2002) , motivated the choice to obtain as much electrophysiological data as possible from the 686 same human L5 cortical pyramidal neuron. 687 While this choice is well-rationalized, there are limits to the amount of applicable data that 688 can be obtained from a single cell. Indeed, in patch-clamp experiments (described below), key 689 properties of the neuron (including, for example, the axial resistance) decay with time. We thus 690 focused our modeling on a primary cell from which we obtained a good fill (for morphological 691 reconstruction, described below) and a large and reliable set of recordings for model building and 692 parameter fitting. This was a set of current clamp data obtained in the presence of TTX to block 693 action potential firing (described in detail below) and voltage clamp data from this cell under the 694 same setting. 695 It is worth emphasizing that, given limitations to our experimental protocol imposed by the use 696 of human tissue, we were unable to perform voltage clamp experiments both with and without the 697 h-channel blocker ZD in the same cell to truly "isolate" the h-current. This crucial factor helped to 698 motivate the decision to use current clamp data to constrain our model; along with the issues of 699 the space-clamp and maintaining self-consistency in the modeling process as described previously, 700 without ZD recordings we can not assert with full certainty that the h-current features derived from 701 voltage clamp data are not influenced by other channels. It is for this reason that this data was 702 used for model validation, in which these "approximate" values of the h-current kinetics are more 703 appropriate, rather than direct model constraint. 704 To supplement the data from the primary neuron, we made use of averaged experimental data 705 from multiple secondary cells. This provided the data of Table 1 , which are averaged data from 147 706 cells, and the mean ± standard deviation plots in Figure 6 . For the data in Figure 6 , we note that for were digitized at 20 kHz using a 1320X digitizer. The access resistance was monitored throughout 727 the recording (typically between 8-25 MΩ), and cells were discarded if access resistance was > 25 728 MΩ. The liquid junction potential was calculated to be 10.8 mV which is corrected for whenever the 729 experimental data is used for modeling or in direct comparison to model values (i.e. Figure 6 ), but 730 not when the experimental data is presented on its own (i.e. Figure 7B and D) . Sigma-Aldrich) to block inwardly rectifying potassium current were added to the bath solution. 748 These recordings were taken both in the primary cell and in secondary L5 pyramidal cells, the data 749 for both of which are presented in Figure 6 . (Galán et al., 2008) . The variance of the noise, 786 along with the tonic DC current, was chosen to elicit spike rates in the 5-10 Hz range, which is typical 787 for cortical pyramidal cells (Neske and Connors, 2016a,b) . The amplitude, or variance of the current 788 injection stimulus was scaled to elicit spike rates of above 5 Hz the typical firing rate for cortical 789 pyramidal cells (Neske and Connors, 2016a,b) . In addition to increasing the noise variance, a steady The gain was then calculated as:
where the functions represent the complex Fourier components of the stimulus-response corre-796 lation ( ) and the stimulus autocorrelation ( ) as defined in Higgs and Spain (2009) . 797 The noisy current is applied to the neuron 30 times, with the final ( ) curve the averaged 798 response over these 30 trials (as presented in Figure 11Biii ). The Ih kinetics were fit from scratch to allow for any potential differences between rodent and 816 human h-currents to be captured. We used a general mathematical model structure as used in 817 previous work to model h-current dynamics (Sekulić et al., 2019) and included the parameters in 818 this model in our optimizations. 819 The equations for the h-current model are as follows:
where ℎ is the current flow through the h-channels in mA/cm 2 , gIh is the conductance in S/cm 2 , 821 is the voltage in mV, gIhbar is the maximum conductance in S/cm 2 (an optimized parameter), 822 is the unitless gating variable, is time (in ms), ℎ is the half-activation potential (an optimized 823 parameter, in mV), ℎ is the reversal potential for this channel (an optimized parameter, in mV) 824 is the slope of activation (an optimized parameter), and , , , and are optimized parameters (in 825 ms). ∞ is the steady-state activation function and is the time constant of activation. 826 The changes to the Na_Ta and SKv3_1 ionic currents were simple "shifts" of the activation curves 
where is a local constant equal to 2. 
The units of the (current), (conductance), (voltage), (reversal potential), and (time) terms in 832 both of these equations are as given above for the h-current. refers to the reversal potential 833 of sodium and refers to the reversal potential of potassium, both of which are unaltered from 834 Hay et al. (2011) . and ℎ remain unitless gating variables in both equations. The ℎ parameters 835 have units of mV. 836 Values of the maximum conductances associated with each of these currents in the Hay model 837 and in our L5 Human model are given in Table 5 . The locations of each of the 10 ion channel types in our human L5 pyramidal cell model are 840 summarized in Table 6 , and utilize a classification of each compartment in the neuron model as part human and rodent cell morphology, even in similar brain regions (Beaulieu -Laroche et al., 2018) . 850 As such the region of this increased calcium activity, where the Ca_LVA maximum conductance is 851 multiplied by 100 and the Ca_HVA maximum conductance is multiplied by 10, is chosen to be on 852 the apical dendrite 360 to 600 microns from the soma. 853 The third exception are the h-channels. The function used to model the "exponential distribution" 854 of h-channels along the dendrites (Kole et al., 2006; Ramaswamy and 
where "dist" is the distance from the soma to the midway point of the given compartment, the 859 denominator of "1000" is chosen since this is the approximate distance from the soma to the 860 most distal dendrite, and "gIhbar" is the h-current maximum conductance value that is optimized.
861
"gIhbar" is also the value of the maximum conductance in the soma and basilar dendrites (i.e. the Ih 862 maximum conductance is constant across all compartments in these regions).
863 data obtained from an analogous protocol (Brent, 1976) . Here, we fit the model to five different 870 current clamp protocols experimentally obtained from the primary neuron from which we obtained 871 our human L5 cell morphology. As the experimental current clamp data was obtained in the 872 presence of TTX, all sodium conductances were set to zero and not altered in this step. Additionally, 873 the potassium channel currents primarily involved in action potential generation, K_Pst and SKv3_1, 874 were omitted from the optimization and "hand-tuned" in the second step of the cycle. 875 We chose to use three hyperpolarizing current clamp traces, with -400 pA, -350 pA, and -300 pA 876 current amplitudes, because at these hyperpolarized voltages it was reasonable to assume that the 877 h-current was primarily responsible for the voltage changes (Toledo -Rodriguez et al., 2004) . This 878 allowed us to accurately fit not only the h-current maximum conductance, but also its kinetics (see 879 Equation 3 above).
880
A hyperpolarizing current step with a small (-50 pA) magnitude was chosen to constrain the 881 passive properties, as near the resting membrane potential it is primarily these properties that 882 dictate the voltage responses ("charging" and "discharging") to a current clamp protocol. We note 883 that this trace does not represent a perfectly "passive" neuron, as some conductances (such as those 884 due to the h-current) are active, albeit minimally, at mildly hyperpolarized voltages (only the sodium 885 channels were directly blocked in this protocol, via the application of TTX). Nonetheless, given 886 that our model fit this current clamp data well, and also mimicked the "charging" and "discharging" 887 portions of all the current clamp protocols included in the optimization, we are confident that we 888 accurately approximated the passive properties of our particular human L5 pyramidal neuron. The 889 final passive properties are shown in Table 5 e_pas (the passive reversal potential in mV), cm (the specific capacitance in uF/cm 2 ), and g_pas (the 892 passive conductance in S/cm 2 ). 893 Finally, a depolarizing current step (100 pA) was chosen to ensure the model was not "overfit" 894 to the hyperpolarized data. Early in the modeling process, we recognized that a "best fit" of the 895 depolarizing current clamp data would involve minimizing the values of the K_Pst and SKv3_1 896 maximum conductances to the point that action potential generation would not be viable. It 897 is for this reason that the "cycling technique" was developed to ensure that reasonable spiking 898 characteristics were achieved by the model while also minimizing these conductances as much as 899 possible to best fit the depolarizing current clamp trace. 900 We note that, in the process of designing this modeling technique, we chose not to use ev-901 ery current clamp recording available to us, but instead chose a moderate number of current 902 clamp recordings for use in the optimization. This is due to computational considerations and a 903 desire for the modeling technique to be potentially applicable in other settings using reasonable 904 computational resources and computational time spent. 905 A useful tool provided by NEURON's MRF is the ability to differentially "weigh" portions of 906 the traces in the computation of the error value we sought to minimize. Given the focus of this 907 study was on uncovering dynamics of the h-current, we more heavily weighed the portions of the 908 voltage trace in which this channel most affected the voltage, namely the initial "sag" following a 909 hyperpolarizing current steps and the "rebound" in voltage when this inhibition is released. We also 910 chose portions of the voltage trace to emphasize in the error calculation in order to ensure the 911 model cell closely approximated the resting membrane potential observed experimentally, as well 912 as matched the "charging" and "discharging" features heavily influenced by passive properties. 913 We note that these differential "weights" were chosen only after a rigorous exploration of how 914 these choices affected the overall model fit; indeed, this choice yielded a model that both qualita-915 tively and quantitatively best fit the experimentally-observed behavior of our human L5 cortical 916 pyramidal cell. We also note that the possibility that our final parameters represented a "local", 917 rather than "global" minimum in the optimization was investigated by running the optimization with 918 a variety of initial conditions; the solution with the minimum error from all of these trials is the one 919 presented here. 920 Matching of spiking features 921 After optimizing the parameters using MRF, we then tuned the sodium and potassium conductances 922 involved in action potential generation by hand in order to achieve PIR and repetitive spiking 923 behaviors reasonably approximating that seen in experiments (and summarized in Table 1 ). As 924 described above, we sought to achieve this reasonable behavior while minimizing the relevant 925 potassium conductances so as to best fit the 100 pA current clamp trace. 926 In this step, we also found that a "shift" in the activation curve for Na_Ta (see Equation 4 above) 927 was necessary to achieve PIR spiking as seen experimentally. We sought to minimize this shift for 928 simplicity, but also because a side effect of this leftward shift was an increase in repetitive firing 929 frequency that approached the upper limit of what was biologically reasonable. We note that the 930 final shift of -5 mV kept the dynamics of our sodium channel well within a reasonable range (for 931 example, the sodium channel used in the model presented by Ascoli et al. (2010) has a significantly 932 more leftward shifted sodium activation curve than our model). 933 Finally, in order to prevent biologically unrealistic depolarization blocks from occurring in our 934 model (since these are not seen experimentally), we shifted the activation curve for SKv3_1 more 935 leftward (-10 mV) than the sodium channel (see Equation 5 above). This technique for preventing 936 depolarization block in computational models has been previously suggested by Bianchi et al. 937 (2012).
938
Final model parameters 939 The "cycling" mechanism described in detail above was run until there was no significant improve- Moderate constraints were placed on the range of certain parameters in order to ensure that, 959 in finding the best "fit" to the data, these values did not enter a regime known to be biologically 960 unlikely or that would lead to unreasonable spiking characteristics. In order to preserve reasonable 961 spiking behavior, the maximum value for the Ca_LVA maximum conductance was set to 0.001 962 nS/cm 2 , the maximum value for the Ca_HVA maximum conductance was set to 1e-05 nS/cm 2 , and 963 the minimum value of the Im maximum conductance was set to 0.0002 nS/cm 2 . These values were 964 determined after rigorous investigation of the effects of these maximum conductances on the 965 spiking properties. 966 Further constraints were placed on the passive properties of the neuron to make sure the 967 neuron not only matched "charging" and "discharging" properties in the current clamp data, but also The "-20" term in the equation is the "shift" from Kole et al. (2006) . The parameters dictating the 1033 model which has non-uniform passive properties and uniformly distributed h-channels (amongst 1034 the soma, apical, and basilar dendrites) are given in Table 7 . We ensured our implementation of 1035 this model was appropriate by directly replicating Figure 7B 
